Water shortages have been periodically affecting the social and economic development of many regions in the world. Such effects could be mitigated by using techniques that considers the uncertainty of hydrologic variables. This paper aims at developing a model based on implicit stochastic optimization (ISO) and genetic algorithms (GA) for deriving monthly reservoir hedging rules. The ISO-GA procedure consists of optimizing the reservoir system operation under a set of possible inflow scenarios and using the acquired optimal dataset in order to construct discrete hedging rules based on GA. The proposed methodology was applied to the reservoir that supplies water to the city of Matsuyama, Japan. Based on the results, it is concluded that the devised rules are less vulnerable than the standard rules of operations during water shortage periods.
INTRODUCTION
Japanese people have been suffering from large-scale water shortages about once in 10 years since the decade of the 1960s. More recently, the water shortage of 1994 affected the tap water supply of about 16 million people and caused damage to agriculture with product losses of about 140 billion yen 1) .
Increasing demands together with the decreasing trend in the amount of precipitation over Japan, when considering the long term, has indicated the possibility of occurrence of even more severe water shortage periods 1), 2) .
Several strategies have been developed in order to mitigate the effects of water quantity-related problems 3), 4), 5) . Such techniques usually attempt to analyze and derive rules for the sustainable operation of existing water systems based on historical data.
Simulation models are generally used to provide reservoir responses to predefined operating rules.
Best hedging rules may be identified via optimization techniques, which consider all possible alternatives 5), 6) .
The Implicit Stochastic Optimization (ISO) procedure, which takes into account the uncertainty of hydrologic variables, consists of optimizing the reservoir system operation under a set of possible inflow scenarios and using the acquired optimal data set in order to construct operating polices. Such policies are usually defined by least square multiple regression 5) .
Recently, artificial intelligence methodologies have been developed and applied in order to improve water resources planning and management. Farias et al. 7) , Chaves & Chang 8) and Karamouz et al. 9) used artificial neural networks to develop operation strategies for water systems. The works of Chaves & Chang 8) and Wang et al. 10) are some examples of applications of genetic algorithms to the water resources field. This paper proposes a novel model that combines implicit stochastic optimization and genetic algorithms for deriving monthly hedging rules to the reservoir that supplies water to the city of Matsuyama, Japan. Water shortages have been periodically affecting the social and economic development of Matsuyama City 2) .
ISO-GA MODEL
The ISO model has three basic steps described as follows: (a) Generate M synthetic N-month sequences of reservoir inflows; (b) For each inflow realization, optimize the reservoir operation for all N months by a deterministic model; (c) Use the derived ensemble of optimal data so as to develop reservoir operating rules for each month of the year. Different from the common use of regression analysis to define equations relating releases to current reservoir storages and projected inflows, this paper uses GA to adjust discrete rationing factors and triggering available volumes (reservoir hedging rules) for each month of the year.
(1) Synthetic Generation of Reservoir Inflows
For the application of the ISO technique, it is usually necessary to use long scenarios of hydrologic variables. The stochastic simulation of reservoir inflows with statistical properties similar to observed values is an attractive alternative to extend the length of records 11) .
The Fragment Method (FM) was chosen for the stochastic generation of monthly inflows 12) . This method disaggregates annual inflows into monthly time series. The first step consists of calculating the fragments, which are defined by dividing monthly inflows in a certain year by the corresponding annual inflow, as shown in Eq (1):
in which f(i,m) and Q(i,m) are, respectively, the fragments and observed inflows of month m of year i. The second step is to investigate linear correlation in the set of observed annual inflows and, in case of serial dependence, to use statistical models to obtain an independent series of residuals. After this, the series of residuals is modeled by an appropriate probability density function (pdf).
Any new generation of annual inflows may be obtained by the simulation of random numbers using the modeled pdf and subsequent application of the inverse functions used for removing the serial correlations. Lastly, the generated annual inflows are disaggregated following the procedure described in Celeste et al. 13) . This procedure consists of establishing classes for the observed annual inflows, which are sorted in ascending order. The first class has a lower bound equal to zero and the last class has an upper bound equal to infinite. The intermediate classes are defined by the mean between two successive annual inflows. Each synthetic annual inflow will belong to a specific class and, therefore, monthly inflows are obtained by multiplying the fragments of such class by the synthetic annual value. Svanidze 12) and Celeste et al. 13) provide more detailed explanations of the FM.
(2) Deterministic Model
The main purpose of this model is to find water allocations that best satisfy the demands without compromising the system. The objective function Z of the optimization problem is written as follows:
in which t is the time period; N is the operating horizon; R(t) is the reservoir release at period t; and D(t) is the demand at period t.
Release and storage at each period t are related to inflow and spill by the water balance equation:
in which S 0 is the initial reservoir storage; S(t) is the reservoir storage at the end of period t; Q(t) is the inflow during period t; and S p (t) is the spill that might occur during period t.
The spill is defined as the amount of water that exceeds the reservoir capacity.
The following equations define intervals which release, storage and spill must belong to:
in which S min and S max are minimum and maximum reservoir storages, respectively.
(3) Discrete Hedging Policies
The optimal releases obtained by the deterministic I_218 model are related to available water volume (initial reservoir storage plus current inflow) by monthly discrete rules according to Fig. 1 . The rationing factors α 1 (m) and α 2 (m), and triggering volumes W 1 (m), W 2 (m) and W 3 (m) for each month m (m = January, February, …, December) are calibrated by GA-based models. Thus, the release for any condition of initial storage and inflow can be established by accessing the corresponding rule.
(4) GA Model
The GA can be defined as a set of probabilistic optimization methods based on Charles Darwin's Theory of Evolution. In such approaches, the species behavior is computationally simulated in order to optimize model parameters and solve problems with different objectives and restrictions 14) , 15) .
Genetic Algorithm models are generally composed of the following structure: (a) Define the system of variables (real or binary) and objective function of the problem; (b) Choose the initial population, which consists of a set of initial solutions (chromosomes) for the problem, usually randomly selected; (c) Evaluate and select solutions. In this step, the best solutions are transferred for the next generation (elitism) and the rest are submitted to genetic operations (crossover and mutation) in order to generate a new population of solutions. More details on GA can be found in the works of Holland 14) and Michalewicz 15) .
The main objective of the GA models is to find the parameters α 1 (m), α 2 (m), W 1 (m), W 2 (m) and W 3 (m) for each month m that minimizes the sum of errors Y between calculated and optimal releases. The following equations describe the mathematical formulation of the GA models for each month m:
in which R cal (t) is the calculated release for period t; and A w (t) is the available water in the reservoir at period t, which corresponds to initial reservoir storage S(t-1) plus current inflow Q(t).
All models of this study were implemented in MATLAB, version R2012a.
CASE STUDY
The city of Matsuyama is supplied by the Ishitegawa Dam reservoir and a set of unconfined wells located around Shigenobu River. Shigenobu River Basin, which is characterized by an area of approximately 445 km² and an average annual precipitation of 1,250 mm, is populated by about half a million residents 1), 2) .
Part of the city's domestic demand is supplied by Ishitegawa Dam, which is also used for irrigation and flood control 1) . The demand used in this study, which is shown in Table 1 , corresponds to about 40% of the total demand for the urban water supply of Matsuyama City. The layout and location of the water supply system is illustrated in Fig. 2 .
Since Ishitegawa Dam inflows are obtained by an hourly water balance based on water level variations and releases, the reservoir lake evaporation is considered to be already taken into account by the inflow variable Q(t).
RESULTS AND DISCUSSION (1) Generation of Synthetic Inflows
The data used for calibrating the FM comprises monthly reservoir inflows measured in Ishitegawa 
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Dam Station from 1978 to 1997. Measures of location (mean) and spread (standard deviation) are often used to analyze a new set of data. The location represents the general magnitude of the data values and spread refers to the degree of dispersion around the central value 16) .
In order to validate the FM, 1,000 years of synthetic monthly inflows were generated.
Comparisons of monthly statistics between synthetic and observed inflows are depicted in Figs 3 and 4. As shown in Figs 3 and 4 , the main statistical properties of the observed data set were preserved in the synthetic data set for all months.
(2) ISO-GA Model
The ISO-GA model was applied to the operation of Ishitegawa Dam. Since the reservoir must have a spare volume for flood control, the maximum reservoir storage was assumed to be only 8,500,000 m 3 , different from the actual capacity of 12,800,000 m 3 . The ISO-GA model was run under M = 500 sequences of N = 1,248 months of FM-based inflows. The first and last two years of each sequence M were suppressed to avoid problems with boundary conditions. This provided a total of 600,000 months (500 sequences of 1,200 months) of optimal reservoir releases.
The reservoir available volume (initial storage plus current inflow) and releases from January to December were grouped and submitted to the GA models for obtaining 12 rules, one for each month.
In this study, a system of variables using real numbers was chosen for the GA model. The population, fixed during generations, was set as 100. The elitism strategy was adopted in 2% of the population to avoid the loss of the best solutions. The rest of the population was submitted to crossover (80%) and mutation (20%) operations. The stopping criterion was established as a minimum quadratic error between calculated and observed releases of 10 -6 . The values of rationing factors and triggering volumes for each month are shown in Table 2 .
The performance of the ISO-GA model was investigated considering the operation of the reservoir for 10 new FM-based simulations of inflows, each one with 104 years. As in the ISO-GA model calibration process, the two first and last years were eliminated, resulting in a total of 100 years (1,200 months) of operation for each new simulation.
The Standard Linear Operating Policy, also known as SLOP, and the deterministic model were also applied for comparison purposes. The SLOP, which is one of the simplest operating rules, states that when the available water is equal to or less than the demand, all stored water is released; and when the 
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available water exceeds the demands, the demand is met and the excess is accumulated in the reservoir until its maximum storage is reached and spillage starts to occur 6) . A vulnerability indicator V, assumed as the function shown in Eq. (14) , was used for all simulations and models of this study and the results are presented in Table 3 .
The vulnerability indicator represents the magnitude of system failures to attend water demands for the whole operating horizon N. For each month t, the vulnerability varies from zero to one, with zero indicating that demand was fully attended and one demonstrating that there was no water allocation. As a result, the higher is the vulnerability indicator; the more vulnerable is considered to be the rule. Analysis of Table 3 shows that the ISO-GA model was less vulnerable than SLOP and more vulnerable than the deterministic model for all 10 simulations.
A simulation considering real inflows from 1998 to 2004 was also carried out and the results from all models are illustrated in Figs 5 and 6. The vulnerability indicators were 2.71, 1.65, and 0.60 for SLOP, ISO-GA rules and deterministic model, respectively. Analysis of the reservoir storage behaviors illustrated in Fig. 6 shows that the deterministic model tries to reserve the stored water so that it can be used in future shortage periods and the overall deficit is mitigated. Investigation of the results shown in Figs 5 and 6 suggests that the ISO-GA policies try to imitate the allocation and reservoir storage behaviors observed in the operation with the deterministic model, which is an optimization under perfect forecast. After analyzing the results, it is indicated that the outcomes from the ISO-GA hedging rules were satisfactory given the fact they have information only on the previous reservoir storage and current inflow whereas the deterministic model has knowledge of inflows for the whole operating horizon and therefore better means to define superior policies.
CONCLUSIONS
A model that combines Implicit Stochastic Optimization (ISO) and Genetic Algorithms (GA) was developed in order to derive discrete reservoir hedging rules. The proposed methodology was applied to the reservoir that supplies water to the city of Matsuyama, Japan.
The method of fragments, which was used for simulating inflows series, produced synthetic series with statistical properties (means and standard deviations) very close to the ones presented in the observed data set.
The applications of the ISO-GA over simulated scenarios and a real case scenario from 1998 to 2004 were shown to be less vulnerable than the standard rules of operation. As conclusion, it is suggested that the combination of ISO and GA may be a promising strategy for the operation of reservoirs. 
